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ABSTRACT
Based on recent results from three-dimensional supernova simulations and semi-
analytical parametrised models, we develop analytical prescriptions for the dependence
of the mass of neutron stars and black holes and the natal kicks, if any, on the pre-
supernova carbon-oxygen core and helium shell masses. Our recipes are probabilistic
rather than deterministic in order to account for the intrinsic stochasticity of stellar
evolution and supernovae. We anticipate that these recipes will be particularly useful
for rapid population synthesis, and we illustrate their application to distributions of
remnant masses and kicks for a population of single stars.
1 INTRODUCTION
Stars with initial masses above & 8M end their lives as
compact objects: neutron stars or black holes. The amount
of mass ejected during the supernova explosion, which may
accompany the collapse of the stellar core, determines the
remnant mass. Meanwhile, an asymmetry in the explosion
leads to a natal kick of the remnant. If the massive star was
a component of a stellar binary, as most massive stars are
(Sana et al. 2012), the mass loss and natal kick determine
the future evolution of the system. Will it be disrupted by
the explosion? Will it become an X-ray binary? Could it
merge as a gravitational-wave source? Even for single stars,
natal kicks play critical roles; for example, they determine
the fraction of compact objects retained in globular clusters.
Rapid stellar and binary population synthesis codes rely on
recipes for predicting remnant masses and kicks from pre-
supernova properties.
Detailed modelling of core-collapse supernovae of
evolved massive stars is a long-standing problem in com-
putational astrophysics (see, e.g. Janka 2012; Burrows 2013;
Mu¨ller 2020, for reviews). Below, we touch on some of the
challenges associated with ab-initio modelling.
On the other hand, there are no direct observations that
could tie a pre-supernova stellar mass to the remnant mass
or kick for an individual star, although a few supernova rem-
nants such as Cas A allow for tentative remnant mass es-
timates with some information on the ejecta mass coming
from light echoes (e.g., Hwang & Laming 2012), and a few
tens of supernova progenitors have been directly observed
(Smartt 2015; Van Dyk 2017).
Consequently, remnant mass and kick predictions are
typically based on either simple analytical models, extrap-
olations of numerical simulations, or on observational con-
straints on entire populations of stars. Hurley et al. (2000);
Fryer et al. (2012) provide some the commonly used prescrip-
tions for remnant masses, with more recent models avail-
able from, e.g., Mu¨ller et al. (2016) and Patton & Sukhbold
(2020). Remnant kick prescriptions for neutron stars are typ-
ically based on observed velocities of single pulsars (Lyne &
Lorimer 1994; Hansen & Phinney 1997; Cordes & Chernoff
1998; Arzoumanian et al. 2002; Hobbs et al. 2005; Faucher-
Gigue`re & Kaspi 2006; Verbunt et al. 2017). However, us-
ing these prescriptions directly entails applying the same
kick distributions to all neutron stars, regardless of pre-
supernova properties, perhaps with scaled kicks for black
holes (e.g., Fryer et al. 2012). Some population synthesis
codes develop their own prescriptions, e.g., Belczynski et al.
(2008) or Spera et al. (2015) for remnant masses and Vigna-
Go´mez et al. (2018) or Bray & Eldridge (2016, 2018) for
natal kicks.
Here, we use recent findings from three-dimensional
(3D) supernova simulations and parametrised one-
dimensional (1D) and one-zone models as a starting
point to predict the remnant mass from the progenitor
core mass. Unlike other models, we do not attempt to
deterministically prescribe a unique remnant mass, but
rather account for the stochasticity in the pre-supernova
stellar evolution and the stellar collapse itself by providing
a probabilistic recipe. We use the same models to predict
natal kicks, which are thus coupled to the explosion prop-
erties and the remnant masses. Our recipes have several
tuneable parameters that are only approximately predicted
by the numerical models. We propose that these should
be calibrated by observations. We discuss the insights
gained from supernova models in Section 2; introduce the
parametrised recipes directly usable in population synthesis
in Section 3; illustrate the consequences of these recipes for
single stellar evolution in Section 4; and briefly summarise
in Section 5.
c© 2020 The Authors
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2 PHYSICAL MODEL
2.1 Phenomenology of 1D and 3D supernova
simulations
In recent years, parametrised models and first-principle 3D
simulations have made significant progress in establishing
the relationship between the supernova progenitor, the ex-
plosion, and the properties of the remnant in the neutrino-
driven supernova paradigm. Various studies have addressed
the “explodability” of supernova progenitors, using 1D sim-
ulations and semi-analytic models (e.g., O’Connor & Ott
2011; Ugliano et al. 2012; Pejcha & Thompson 2015; Ertl
et al. 2016a; Mu¨ller et al. 2016; Ebinger et al. 2019; Ertl
et al. 2020). Despite variations in detail, the findings sug-
gest that explodability can be gauged by a few key stellar
structure parameters. Physically, the key determinants that
favor a successful explosion are a low Fe-Si core mass and
a low density in the oxygen (O) shell (Ertl et al. 2016a),
although other metrics for explodability like the more fa-
miliar compactness parameter (O’Connor & Ott 2011) or
the binding energy of the shells outside the Fe-Si core are
strongly correlated with these parameters. These structural
properties of the core region depend non-monotonically on
zero-age main sequence (ZAMS) mass (for single stars), He
core mass, and carbon-oxygen (CO) core mass MCO, leaving
“islands of explodability” among rather massive progenitors.
Nonetheless, from a coarse-grain point of view, there is a
trend of decreasing explodability with increasing He and CO
core mass.
First-principle 3D simulations are not yet capable
of surveying stellar explodability in a similar manner as
parametrised supernova explosion models. There are ten-
tative indications, however, that neutrino-heating can drive
shock expansion in progenitors with cores of high mass and
compactness (Chan et al. 2018; Ott et al. 2018; Burrows
et al. 2020; Powell & Mu¨ller 2020), which is seemingly in
contrast to the previously mentioned findings. These results
are not likely to fundamentally overturn the trend toward
lower explodability with higher He or CO core mass, since
the incipient explosions in progenitors with high-mass cores
may be stifled on longer time scales as the shock propagates
through the tightly bound massive envelope. If shock revival
works effectively in progenitors with high-mass cores, the net
effect may merely be to introduce a transition regime of suc-
cessful explosions with considerable fallback and black-hole
formation between the regime of neutron star formation (for
less massive cores) and quiet black hole formation (for the
most massive cores). This would be compatible with con-
straints on the progenitors of observed transients from pre-
explosion images, according to which explosions from high-
mass progenitors are rare (Smartt 2009, 2015), as well as
with the apparent disappearance of massive stars without
an explosion (Adams et al. 2017).
Some systematic dependencies of the compact remnant
properties can already be discerned from paramaterised and
first-principle supernova models. In the case of successful ex-
plosions with neutron star formation, there is a rather robust
correlation between the progenitor’s Fe-Si core mass and the
neutron star mass MNS (e.g., Ertl et al. 2016a; Sukhbold
et al. 2016; Mu¨ller et al. 2016), because neutrino-driven ex-
plosions are often triggered by the drop in mass accretion
rate when the collapsing O shell reaches the stalled shock.
The dependence of MNS on the He and CO core mass is
not monotonic, but there is a loose positive correlation with
significant scatter due to the intricacies of the late stellar
evolution stages and of the neutrino-driven mechanism. A
linear dependence of MNS on MCO with broad scatter would
thus seem the most natural first-order approximation.
In case the shock is successfully revived, the explosion
energy correlates loosely with core mass and compactness,
and with the neutron star mass (Nakamura et al. 2015;
Mu¨ller et al. 2016, 2019) because the neutron star mass
(via the neutron star surface temperature) and the accre-
tion rate determine neutrino emission and neutrino heating.
There is also a loose correlation between NS mass, explosion
energy, and NS kick velocity since the explosion energy sets
the scale for the momentum asymmetry that can be achieved
in the innermost ejecta, even though the degree of asymme-
try exhibits stochastic variations (Janka 2017; Vigna-Go´mez
et al. 2018; Mu¨ller et al. 2019). Due to large-scale lepton
fraction asymmetries in the proto-neutron star convection
zone, anisotropic neutrino emission can also impart kicks of
a few tens of km s−1 onto the neutron star even without pro-
nounced asymmetries in the ejecta (Stockinger et al. 2020).
In the case of black hole formation, the systematics of
the remnant properties are less securely understood, partly
because there are different scenarios for black hole forma-
tion. When a black hole is formed because the shock is never
revived, one does not expect any kick, but if a hydrogen en-
velope is present it may (partly) become unbound as the
emission of neutrinos during the proto-neutron star phase
decreases the gravitational mass of the star (Nadezhin 1980;
Lovegrove & Woosley 2013; Coughlin et al. 2018). In this
case, one can identify black hole mass with the helium core
mass as a first-order estimate.
In other cases, a black hole may be formed by fallback
after successful shock revival. Fallback can occur via the
deceleration of the inner ejecta by the reverse shock (Cheva-
lier 1989), but this mechanism usually only adds . 10−2M
onto the remnant (Ertl et al. 2016b). Substantial fallback
can occur, however, if ongoing accretion after shock revival
pushes the neutron star to collapse, in which case the dy-
namics of the fallback is inherently multi-dimensional (Chan
et al. 2018, 2020). Based on the work of Chan et al. (2020),
one can distinguish two limiting scenarios in this regime of
strong fallback.
If the explosion energy is sufficiently high, then the post-
shock velocity will eventually reach escape velocity even
though the explosion energy is continuously decreased as
the shock sweeps up bound matter. Up to this point, a sub-
stantial fraction of the shocked matter will be channelled
around the expanding neutrino-heated bubbles and accreted
onto the black hole; afterwards shocked material will be-
come unbound and be ejected. Since the expanding bubbles
that eventually escape usually develop a unipolar or bipolar
structure early in the explosion, they will carry a significant
net momentum at the point when accretion freezes out, and
the black hole, must by momentum conservation receive a
substantial kick that can reach several 100 km s−1.
If, on the other hand, the Mach number of the shock
comes close to unity as the accumulation of bound matter
drains the explosion energy, the blast wave will transition
to the weak shock regime, i.e., the shock will propagate as
a sonic pulse whose energy is approximately conserved (Mi-
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halas & Mihalas 1984). As the shock approaches the stellar
surface, it will eventually leave the weak shock regime again
and shed a part of the envelope. The final mass cut can be
estimated by considering when the post-shock velocity even-
tually matches the escape velocity. The sonic pulse is also
spherical in this case, and hence the ejecta momentum and
the black hole kick will be small, though residual kicks of
order O(10 km s−1) are still possible (Chan et al. 2018).
The transition from the regime of weak fallback to
strong and ultimately complete fallback is governed by the
ratio of the envelope binding energy to the initial explosion
energy. Since the explosion energy is limited to ∼2×1051 erg
in the neutrino-driven paradigm, one would expect that the
envelope binding energy (which is correlated with the mass
of the oxygen, neon and carbon shells) is the decisive pa-
rameter that dictates the amount of fallback.
2.2 Updated semi-analytic supernova model
As a basis for more a more agnostic parametrisation of the
relation between stellar progenitor parameters and the com-
pact remnant mass and kick, which will be discussed in
Section 3, we use results from the semi-analytic supernova
model of Mu¨ller et al. (2016). While this model has already
been used to formulate fits for neutron star masses and kicks
in Vigna-Go´mez et al. (2018), the original model of Mu¨ller
et al. (2016) only included a crude all-or-nothing treatment
of fallback, and therefore does not provide useful predictions
for black hole masses and kicks. We have therefore updated
the semi-analytic model to reflect some of the phenomenol-
ogy of multi-dimensional simulations of black hole formation
in fallback supernovae.
During the pre-explosion phase, the updated semi-
analytic model follows the original prescriptions of Mu¨ller
et al. (2016) to estimate whether and when shock revival
occurs based on scaling laws for the neutrino emission,
the quasi-stationary structure of the supernova core, and
the neutrino heating conditions. However, we use a slightly
smaller value ζ = 0.7 for the accretion efficiency for better
agreement with the observational constraints on supernova
progenitor masses (Smartt 2015). The treatment of the ex-
plosion phase has been modified slightly. After shock revival
at the initial mass cut Mi, the original model computed the
explosion energy as a function of mass coordinate by taking
into account neutrino heating, nuclear energy release, and
the accumulation of bound material by the shock. The final
mass cut Mf was determined by the condition that the shock
velocity vsh (estimated from the explosion energy and ejecta
mass following Matzner & McKee 1999) exceeded the escape
velocity vesc. If this condition was not met before the gravi-
tational neutron star mass Mgrav reached Mmax = 2.05M,
or if the explosion energy dropped to zero, the model as-
sumed that the entire star collapses to a black hole. We
have modified this procedure as follows:
(i) Once Mgrav = Mmax, we switch off further energy in-
put by neutrinos, but allow the shock to propagate further
after black hole formation, and assume that the explosion
energy changes according to the release of nuclear energy
by explosive burning and the accumulation of bound matter
following Equation (49) of Mu¨ller et al. (2016).
(ii) If vsh = vesc is reached after black hole formation,
we assume that accretion stops. The corresponding mass
coordinate defines the final mass cut mass Mf . The mass
Masym = Mf −Mi of the strongly asymmetric inner ejecta
determines the kick. The explosion energy is still evolved
further until shock breakout, or until one of the following
conditions is met. This channel corresponds to the scenario
of black hole formation with weak fallback in Chan et al.
(2020).
(iii) If vsh drops below the pre-shock sound speed cs
(which is smaller than the escape velocity), we assume a
transition to the weak shock regime. In this case, the (small)
explosion energy at the transition point is conserved as the
shock travels to the surface as a sound pulse, and the final
mass cut Mf is determined as the mass coordinate where
vsh > vesc somewhere further outside. This channel corre-
sponds to the strong fallback scenario in Chan et al. (2020).
In our supernova model we do not calculate any kick for this
channel for want of a suitable analytic theory. The results of
Chan et al. (2018, 2020) suggest, however, that black hole
kicks of several ×10 km s−1 will be reached.
(iv) Following Lovegrove & Woosley (2013), we assume
that the hydrogen shell (if present) is always ejected, and
cap the black hole mass at the helium core mass MHe.
Both for neutron stars and black holes, we estimate the typ-
ical value of the kick from Mf and Mi as in Vigna-Go´mez
et al. (2018),
vkick = 0.16
√
Eexpl(Mf −Mi)
Mgrav
, (1)
where Eexpl is the explosion energy. To obtain the remnant
gravitational mass Mgrav, we subtract the neutron star bind-
ing energy from Mf , but no such deduction is made in the
case of black hole formation. The stochastic distribution of
the kick velocity is not specified any further in the semi-
analytic model, and will be dealt with by a parametrised
prescription in Section 3.
In practice, Eexpl and the mass Mf−Mi of the asymmet-
ric inner ejecta are tightly correlated. Because of the correla-
tion of Eexpl with MCO, this suggests a linear dependence of
the kick velocity on MCO as a first-order approximation. For
low-mass iron core supernovae and electron capture super-
novae, where MNS ≈MCO, 3D simulations show very small
kicks (Mu¨ller et al. 2018; Stockinger et al. 2020), and hence
it is natural to anchor this approximate linear dependence
at zero, i.e., vkick ∝
√
Eexpl(Mf −Mi) ∝ (MCO −MNS).
We stress that this procedure for estimating fallback
after black hole formation rests on a crude simplification of
the complex dynamics in multi-dimensional simulations. It
does nonetheless qualitatively reproduce the salient features
of these simulations; low-mass black hole made in relatively
powerful explosion will get sizeable kicks, whereas high-mass
black holes formed in explosions with strong fallback will
not.
3 PARAMETRISED PRESCRIPTION
Our next goal is to provide a simple prescription with a small
number of parameters for the remnant mass and kick as a
function of the CO core and He shell mass of the progeni-
tor (we assume that any hydrogen envelope will always be
unbound during the supernova (Lovegrove & Woosley 2013;
MNRAS 000, 1–8 (2020)
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Coughlin et al. 2018), if not previously stripped by winds or
binary interaction). While we suggest likely values for these
parameters based on our semi-analytic model, the exact val-
ues should be updated by comparisons with observations.
We assume that the combined process of stellar evolu-
tion and supernova explosion and collapse introduces gen-
uine stochasticity on top of deterministic dependencies on
stellar parameters. Therefore, unlike all previous recipes, our
model is probabilistic in its predictions.
The key parameters governing the mass and kick, along
with their default values, are identified in Table 1. The rem-
nant mass prescription depends predominantly on the CO
core mass, MCO. We split the entire mass range into 5 sub-
ranges with boundaries M1,M2,M3,M4 depending on the
value of MCO.
First, we determine the remnant type. If MCO < M1,
the remnant is always a neutron star (NS). If M1 ≤MCO <
M3, the remnant is black hole (BH) with probability pBH =
(MCO −M1)/(M3 −M1) and a NS with probability pNS =
1− pBH. If MCO ≥M3, the remnant is always a BH.
If the remnant is a BH, it has a probability pcf of being
formed by complete fallback, in which case the remnant mass
is equal to the total He core mass (CO core mass combined
with He shell mass). The complete fallback probability is
pcf = 1 if MCO ≥ M4. Otherwise, for M1 ≤ MCO ≤ M4, if
the remnant is a black hole, its complete fallback probability
is pcf = (MCO −M1)/(M4 −M1).
If the remnant is a BH but is not formed by complete
fallback, the remnant mass follows a normal distribution
with mean µBHMCO and standard deviation σBH.
Inspired by the parametrised semi-analytic model, we
introduce several branches for the NS mass. If the remnant
is a NS, its mass is given by a normal distribution N(µ, σ2)
where the mean µ and standard deviation σ are:
• If MCO < M1, then µ = µ1 and σ = σ1.
• If M1 ≤ MCO < M2, then µ = µ2a + µ2b(MCO −
M1)/(M2 −M1) and σ = σ2.
• If M2 ≤ MCO < M3, then µ = µ3a + µ3b(MCO −
M2)/(M3 −M2) and σ = σ3.
We assume that NSs have a minimum mass of MNS,min
and a maximum mass of MNS,max, and therefore re-draw any
remnant mass guesses that fall outside this allowed range
(and similarly for any BH mass guesses below MNS,max).
The remnant mass prescription above is already a recipe
for the gravitational mass of neutron stars. For black holes,
we expect that only 0.1Mc2 ∼ few×1053 erg of energy can
be lost in neutrinos during the collapse. This follows from
the assumption that the total post-bounce neutrino lumi-
nosity is of order 1053 erg s−1 and the BH formation occurs
on a timescale of a few seconds (Mirizzi et al. 2016; Chan
et al. 2018), which is substantially shorter than the Kelvin-
Helmholtz timescale of the proto-neutron star. Therefore,
all final BH remnant masses should be reduced by at most
0.1M from the estimates given above, a correction which
we ignore given the other uncertainties present (cf. the much
larger 10% mass loss assumed by Fryer et al. (2012)).
Although all simulated stars were single stars, we as-
sume that binary interactions do not significantly impact the
core structure, and therefore all prescriptions can be carried
over directly to stars in interacting binaries, including those
whose helium envelopes had been stripped by previous inter-
actions (e.g., case BB mass transfer leading to ultra-stripped
supernovae, Tauris et al. 2015).
We follow the prescription of Hurley et al. (2000) with
partial amendments from Belczynski et al. (2008) and Fryer
et al. (2012) to determine which stars undergo electron-
capture and regular core-collapse supernovae. Stars with
core masses above 2.25M at the base of the asymptotic
giant branch undergo core-collapse supernovae once their
carbon-oxygen core reaches the mass threshold of Eq. (75)
of Hurley et al. (2000), where we use 1.38M in lieu of the
Chandrasekhar mass. The remnant masses are then com-
puted as described above. If the helium core mass is below
2.25M but above 1.6M at the base of the asymptotic giant
branch and MCO reaches 1.38M during subsequent evolu-
tion, the star is assumed to form a NS with a gravitational
mass of 1.26M in an electron-capture supernova.
Our models suggest that the inner ejecta during super-
novae leading to NS formation, which are coupled to the
remnant and can therefore provide an asymmetric natal kick,
have a similar degree of asymmetry and a similar velocity
across all simulations. Outer ejecta, including most of the
helium envelope, are expelled before significant asymmetry
is built up and hence do not provide a natal kick, while any
material that falls back cannot provide a kick. Conservation
of momentum implies that MNSvkick = α(MCO −MNS)vej,
where α is the asymmetry parameter, vej is the typical ejecta
velocity, and MCO−MNS is a proxy for the mass of the mate-
rial ejected asymmetrically while there is significant coupling
with the remnant (see Section 2.2). Therefore, our model for
the mean natal kick for neutron stars is
µkick = vNS
MCO −MNS
MNS
. (2)
We note that the physical reason for this scaling lies in the
dependence of the explosion energy on CO core mass, but
for the purpose of constructing a parametrised recipe, it is
immaterial whether there is a direct or and indirect depen-
dence on MCO. We allow for stochasticity by adding an addi-
tional component drawn from a Gaussian distribution with
standard deviation σkickµkick.
Unlike standard COMPAS models, we do not use a dis-
tinct prescription to provide reduced natal kicks for electron-
capture or ultra-stripped supernovae, as the low CO core
masses of their progenitors already provide the necessary
kick reduction (Tauris et al. 2015; Beniamini & Piran 2016;
Vigna-Go´mez et al. 2018).
Observations of black-hole X-ray binaries and micro-
lensed black holes indicate that relatively low-mass black
holes may experience kicks of a few tens to ∼ 100 km
s−1 (Willems et al. 2005; Fragos et al. 2009; Mandel 2016;
Mirabel 2017; Wyrzykowski & Mandel 2020; Atri et al. 2019)
and possibly even a few hundred km s−1 (Repetto et al.
2017). Motivated by the discussion in Section 2, we use the
same functional form for black hole kicks as for neutron star
kicks (Eq. (2)), but with a reduced prefactor vBH instead of
vNS:
µkick = vBH
MCO −MBH
MH
. (3)
When a black hole is formed through complete fallback,
MCO − MBH ≤ 0, so such black holes do not experience
a natal kick in our model.
MNRAS 000, 1–8 (2020)
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Parameter Default value Meaning
Mass ranges
M1 2.0M Max CO core mass leading to 100% NS
M2 3.0M Break in NS mass distribution fits
M3 7.0M Min CO core mass leading to 100% BH
M4 8.0M Min CO core mass leading to 100% fallback
Remnant mass parameters
µ1 1.2M mean NS mass for MCO < M1
σ1 0.02M NS mass scatter for MCO < M1
µ2a 1.4M NS mass offset for M1 ≤MCO < M2
µ2b 0.5 NS mass scaling for M1 ≤MCO < M2
σ2 0.05M NS mass scatter for M1 ≤MCO < M2
µ3a 1.4M NS mass offset for M2 ≤MCO < M3
µ3b 0.4 NS mass scaling for M2 ≤MCO < M3
σ3 0.05M NS mass scatter for M2 ≤MCO < M3
µBH 0.8 BH mass scaling for M1 ≤MCO < M4
σBH 0.5M BH mass scatter for M1 ≤MCO < M4
MNS,min 1.13M minimal NS mass from core-collapse SN
MNS,max 2.0M maximal NS mass
Natal kick parameters
vNS 400 km s
−1 NS kick scaling prefactor
vBH 200 km s
−1 BH kick scaling prefactor
σkick 0.3 fraction kick scatter
Table 1. The list of parameters describing our remnant mass and kick model. The most uncertain parameters that can benefit from
observational constraints appear in bold.
Figure 1. Remnant masses as a function of CO core masses from
single-star simulations: a comparison between detailed stellar evo-
lution coupled with the semi-analytic supernova model against
COMPAS stellar evolution and our stochastic recipes.
Remnant kick magnitudes are constrained to be positive
and are re-drawn if the initial guess is negative.
4 SINGLE-STELLAR EVOLUTION
In Figure 1, we compare the remnant masses as a function
of progenitor CO core masses as predicted by a combination
of the detailed stellar evolution and the semi-analytic super-
nova model described in Section 2 against the probabilistic
Figure 2. Neutron star natal kicks (3D velocities) as a func-
tion of CO core masses from single star simulations: a com-
parison between detailed stellar evolution coupled to the semi-
analytic supernova model against COMPAS stellar evolution and
our stochastic recipes.
parametrised recipes introduced in Section 3. We used the
COMPAS rapid population synthesis code (Stevenson et al.
2017; Vigna-Go´mez et al. 2018) for the stochastic recipes.
The recipes generally reproduce the key features of the more
detailedsemi-analytic supernova model: the probabilistic na-
ture of the remnant as a NS or BH and the approximate
branching ratio of the two outcomes as a function of CO
core mass; the approximate fraction of black holes undergo-
ing complete fallback; and the two strands of the NS mass
distribution. Some of the fine features of the detailed mod-
els are, of course, not reproduced by the simplified recipes.
In certain cases (e.g., the difference in remnant mass for
MNRAS 000, 1–8 (2020)
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Figure 3. Remnant mass probability distribution (blue) for stars
sampled from the initial mass function (dashed red).
the most massive black holes that undergo complete fall-
back), this is due to differences between the pre-supernova
models of Kepler (Weaver et al. 1978) used for the detailed
simulations vs. the single-stellar evolution models of Hurley
et al. (2000) employed in COMPAS. Other fine features of
detailed models are generally sufficiently uncertain at the
moment that attempting to reproduce them appears pre-
mature. For example, while the detailed simulations support
a narrow mass gap between the most massive neutron stars
(≈ 1.99M) and the lightest black holes (≈ 2.75M), this
gap is not enforced in the stochastic recipes (in line with the
1D simulations of Ertl et al. 2020). If such features are shown
to be robust, the recipes can be updated in the future.
We show the neutron star natal kicks as a function of
progenitor CO core masses in figure 2. The kicks do not
reproduce the detailed models very closely, particularly at
the lower CO core masses, where the recipe scaling of the
kick with the ratio of the CO ejecta mass to the remnant
mass, equation (2), under-predicts the kicks relative to de-
tailed simulations. However, indications of reduced super-
nova kicks from low iron-core mass progenitors (Podsiad-
lowski et al. 2004) argue in favour of the simplified recipes
proposed here.
We can now investigate the predicted distributions of
remnant masses and natal kicks in a population of single
stars by integrating over the initial mass function. We as-
sume solar metallicity (Z = 0.0142, Asplund et al. 2009) and
the standard COMPAS wind prescription for pre-supernova
evolution. We evolve stars with zero-age main sequence
masses from 6M (lower masses always leave CO white
dwarfs behind) to 36M (higher masses always lead to a
complete collapse into black holes) following the Kroupa
(2001) initial mass function, p(M) ∝ M−2.3 in this mass
range. The resulting remnant mass distribution is plotted
in figure 3, along with the Kroupa initial mass function to
guide the eye.
The corresponding kick distribution, separated into NS
and BH kicks, is shown in figure 4. Two thirds of the initial-
mass-function-weighted black holes for progenitors in this
mass range receive zero natal kicks; the natal kicks of kicked
Figure 4. Natal kick probability distribution for neutron stars
(blue) and black holes (red) for stars sampled from the initial mass
function. Neutron star kick distribution assuming vNS = 800 km
s−1 is shown in yellow, while a Maxwellian distribution with a
central parameter of 265 km s−1 (Hobbs et al. 2005) is displayed
in dashed black.
BHs (shown in red) range up to ∼ 150 km s−1 with a root-
mean-square kick of ∼ 60 km s−1.
Neutron stars get larger kicks (blue), as expected, fol-
lowing a broad distribution extending from ∼ 15 to ∼ 1500
km s−1, with a root-mean-square velocity of ∼ 270 km s−1
but a mode of only ∼ 80 km s−1. This is lower than the
Maxwellian distribution with a central parameter of 265 km
s−1 proposed by Hobbs et al. (2005) (plotted in a black dot-
ted curve in figure 4 for comparison). However, the observed
pulsar velocity distribution is uncertain, and a number of
other kick distributions have been fitted to radio pulsar ob-
servations (e.g., Arzoumanian et al. 2002; Verbunt et al.
2017). In particular, distance estimates based on dispersion
measures are unreliable and could be systematically biased
(Deller et al. 2019), leading to errors in the inferred pulsar
velocities. Furthermore, there may be significant selection
effects in the observed sample, ranging from potential cor-
relations between velocity and detectability to only more
rapidly kicked neutron stars escaping from binaries where
many pulsars are born. In any case, the parametrisation of
our kick distribution allows for ready adjustment (e.g., the
yellow line in figure 4 corresponds to vNS = 800 km s
−1
rather than the default guess of vNS = 400 km s
−1 ) and we
leave observational constraints on the parameter values for
a future investigation.
5 CONCLUSION
We presented a set of recipes for compact-object remnant
masses and natal kicks. These recipes are derived from an
examination of recent findings from parametrised supernova
models and first-principle 3D models. They are probabilistic,
accounting for the intrinsic stochasticity of stellar evolution
and supernovae in the spread of outcomes (neutron stars or
black holes) and the mass and kick values. These recipes will
be particularly useful for rapid stellar and binary population
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synthesis. As an illustrative example, we showed the conse-
quences of applying the recipes to the evolution of single
massive stars.
Some of the key features of our prescriptions qualita-
tively match the observations. For example, the absence
of a mass gap between neutron stars and black holes in
the recipes is consistent with microlensing observations
Wyrzykowski & Mandel (2020). The apparent mass gap from
the analysis of black hole X-ray binaries (O¨zel et al. 2010;
Farr et al. 2011) could be due to the evolutionary history of
such systems or observational biases (Kreidberg et al. 2012).
The non-negligible tail of low-kick neutron stars may help
explain the retention of neutron stars in globular clusters, a
challenge for high-kick models given typical escape velocities
of . 50 km s−1.
The recipes contain 19 free parameters, of which 7
(highlighted in bold in table 1) are likely to be particularly
uncertain and important. While the supernova models pro-
vide guidance on their values, they do not uniquely deter-
mine them. These free parameters should be constrained
through a consistent application of all available observa-
tional evidence, including the masses and kicks of Galac-
tic neutron stars observed as radio pulsars; the masses and
velocities of neutron-star and black-hole X-ray binaries, in-
cluding Be X-ray binaries; the retention of neutron stars
and black holes in star clusters and globular clusters; mi-
crolensing measurements; and compact-object merger rates
and properties determined from gravitational waves, short
gamma-ray bursts, kilonovae, and r-process nucleosynthesis
observations.
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